is an attractive target for cancer gene therapy. However, the poor inhibition of telomerase and a time lag between the inhibition and arrest of cell proliferation limits its use in cancer gene therapy. RNA interference (RNAi) has been proposed as a potential technique for the treatment of cancer with a long-term gene silencing response induced by short hairpin RNA (shRNA). To investigate the long-term effects of telomerase inhibition through the down-regulation of the hTERT gene and the potential role of hTERT in cancer gene therapy, we constructed an shRNA-directed hTERT-expressing vector and introduced it into SGC-7901 cells. A population of cells that stably expressed the shRNA was selected by G418 and continuously cultured in a medium with half the antibiotic concentration for 3 months and the anti-proliferation effects of shRNA-targeted hTERT were then detected. The results showed that shRNA-targeted hTERT significantly inhibited cell proliferation and increased cell apoptosis by down-regulating hTERT expression, thus decreasing telomerase activity. These findings suggest that shRNAtargeted hTERT has long-term anti-proliferation effects on SGC-7901 cells, and it is a potential approach in telomerasebased gene therapy.
Introduction
RNA interference (RNAi) technology has rapidly developed in recent years. The application of RNAi to mammalian cells has revolutionized the field of functional genomics and this application has the therapeutic potential to down-regulate the expression of related disease-causing genes. Some strategies of RNAi have been approved in gene therapy for leukemia (1) , AIDS (2) and viral hepatitis (3, 4) .
Small interfering RNA (siRNA) is usually adopted for effective gene-specific RNA silencing. However, the silencing response induced by siRNA is transient, lasting just 3-5 days in culture and this restricts its application in gene therapy. Conversely, short hairpin RNA (shRNA) can generate a long-term gene-silencing response. The first step in the method using shRNA involves its expression from plasmid vectors. These vectors utilize RNA polymerase-III promoters H1 or U6 to express shRNA which is then processed into 21-bp siRNA by a Dicer enzyme. Subsequently, it results in mRNA degradation and silencing of the cognate gene expression.
Telomerase is a particularly attractive target for cancer therapy. Previous studies have shown that ~90% of malignant tumor cells demonstrate telomerase activity, whereas most normal cells do not (5) . Many studies have also demonstrated a strong correlation between telomerase activity and malignancy. Consequently, some researchers have indicated that human telomerase reverse transcriptase (hTERT) expression and telomerase activity play an important role in the immortality of tumor cells. Therefore, it is reasonable to consider that telomerase, particularly hTERT, serves as a good target for cancer therapy and the use of telomerase inhibitors may be a powerful approach in cancer therapy. Telomerase inhibitors can suppress the growth of cancer cells, and the adverse effects of this therapy on normal cells are limited as compared to routine chemotherapy. However, a challenge for the development of useful telomerase inhibitors is to overcome the long-time lag between telomerase inhibition and the arrest of cell proliferation.
Therefore, in this study, we constructed an shRNA-directed hTERT-expressing vector and introduced it in SGC-7901 cells in order to investigate the long-term effects of telomerase inhibition by regulation of the hTERT gene. We also evaluated its potential role in cancer gene therapy. Cell culture. SGC-7901 cells were grown in DMEM containing 10% NBS, 100 μg/ml penicillin and 100 μg/ml streptomycin at 37˚C in a 5% CO 2 humidified incubator.
Construction of shRNA-expressing plasmid-targeting hTERT.
According to the information on the Ambion website, at http://www.Ambion.com/techlib/misc/siRNA-design.html, we designed the short hairpin structure of the shRNA transcript template with a length of 63 bp, including BamHI and HindIII restriction endonuclease sites at each terminal. A 19-bp target sequence targeting different points of hTERT, a 9-bp loop sequence at the center of the inverse repetition target sequence and a 5T as transcript terminator of RNA polymerase-III were also designed. Oligonucleotides were chemically synthesized by the Shanghai Invitrogen Company. Different pairs of shRNA template oligonucleotides were annealed and ligated into the pSilencer 2.1-U6 neo siRNA expression vector by using T4 DNA ligase. Then, we transformed DH5α with the ligation products, picked the clones, isolated the plasmid DNA, digested the plasmid with
BamHI and HindIII to confirm the shRNA insert and sequenced the insert to confirm the existence of the required sequences. Three independent groups were designed for this experiment. One is the control group (psi-control), supplied by Ambion Corporation, which expresses shRNA with a limited homology to any known sequence in the human, mouse and rat genomes. The other two experimental groups were designated as psi-hTERT1 and 2 and had different 63 bp short fragments of oligonucleotides targeted at the corresponding sequences in hTERT. Their sequences are listed in Table I .
Transfection of the shRNA-targeted hTERT expression plasmid into SGC-7901 cells. SGC-7901 cells were plated in a 6-well plate at a density estimated to reach 80% confluence after 24 h. Transfection was performed using SOFO liposome according to the manufacturer's protocol. SOFO liposome (6 μl) and 2 μg shRNA-targeted hTERT-expressing plasmid were separately diluted with 50 μl serum-free medium. The diluted SOFO liposome was added to the diluted plasmid and incubated at room temperature for 20 min. The entire mixture was then added into the different wells resulting in varying plasmid concentrations in a total volume of 2.0 ml. To select the SGC-7901 cells that stably expressed shRNA, the cells were treated with 400 μg/ml G418 for 14 days until all the non-transfected control cells were killed. The cells continued to be cultured with 200 μg/ml G418 for 3 months and the medium was replaced every 3 days during the course of this culture. At the end of the culture period, the cells of the three different groups were collected to evaluate their hTERT expression levels, telomerase activity, cell growth rate and apoptosis.
The hTERT mRNA level was quantified by a real-time PCR method. Total RNA from the cells of the different groups was extracted using a Trizol reagent (Invitrogen, USA) and cDNA was synthesized in 20 μl of reaction volume containing 4 μg total RNA and by using SuperScript™ II RT (Invitrogen). The conditions of real-time PCR were as follows: 1 μl of 1:1000 x SYBR-Green I, 0.5 μl cDNA, 10 pmol of each primer, 2 mM MgCl 2 , 2.5 μl 200 nM dNTP and 1 unit of Taq DNA polymerase were included in a 25 μl volume of reaction mixture. To compensate for variations in the amount of RNA input and the efficiency of reverse transcription, an endogenous housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) was also quantified and used to normalize the results. The specific primers of hTERT and GAPDH are shown in Table II . The thermal cycle profile for PCR was 94˚C for 2 min followed by 35 cycles of 30 sec each at 94˚C, Table I . The sequence targeting hTERT. Table II . The PCR-primer sequence of hTERT and GAPDH. 
45 sec at annealing temperature (59˚C for hTERT and 55˚C for GAPDH), 45 sec at 72˚C and an additional 10 min of incubation at 72˚C after completion of the last cycle for extension.
To analyze the real-time RT-PCR results, the starting quantity of a specific mRNA in an unknown sample was determined by preparing a standard curve using known dilutions of the standard plasmid DNA. The amplified fragments of the hTERT and GAPDH genes were cloned into pGEM-vectors (Promega, USA) and DNA sequencing was performed. The standard curves were generated using serial dilutions of the pGEM-hTERT and -GAPDH vectors and were based on the linear relationship between the Ct value (corresponding to the cycle number at which a significant increase in the fluorescence signal was first detected) and the logarithm of the starting quantity. The amplification plot and the corresponding dissociation curves were examined for each sample. The data were then viewed and analyzed by Rotor-gene real-time analysis software (Rotor-Gene 2000, CR, Australia). The copy numbers of hTERT and GAPDH were obtained according to each standard curve. The ratio between the copy numbers of hTERT and GAPDH represented the normalized hTERT for each sample, and it was comparable to that of the other sample (6). The following formula was used: NhTERT = (hTERT mRNA copies of the sample/ GAPDH mRNA copies of the sample) x 100. All the experiments were performed in triplicate and the standard deviation was obtained.
Western-blot analysis of the hTERT protein.
The SGC-7901 cells of the different groups were harvested, washed with phosphate-buffered saline (PBS) and treated with trypsin. The nuclear protein extract which, was obtained with a nuclear fractionation kit from BioVision, was fractionated in 12% SDS-PAGE. Electrophoresis was conducted at a voltage of 8 V for stacking and 15 V for protein separation. The gel contents were electrotransferred to a polyvinyl difluoride (PVDF) membrane and the membranes were blocked in 3% (w/v) bovine serum albumin in TBS-T for 1 h at room temperature. Subsequently, the membranes were incubated with primary and secondary antibodies at 4˚C overnight and at room temperature for 50 min, respectively, with three washes after each incubation. ECL reagents were used to detect the positive bands on the membranes. Equal volumes of solution A and B were mixed and added to the protein side of the membranes and incubated for 1 min at room temperature. The exposure time of the first film was 15 sec and that of the second film was adjusted according to the intensity of the signal on the first film. An endogenous housekeeping gene, GAPDH, was also quantified and used to normalize hTERT. The bands on the films were scanned by Typhoon 9400 phosphoimager (GE Healthcare) and digitized using ImageQuant software (GE Healthcare). The ratio of hTERT versus GAPDH expression was used as a measurement of the hTERT level.
Telomerase activity assay. The TRAP-ELISA method was used to determine the telomerase activity. All steps were performed according to the instruction manual of the TRAPeze Telomerase ELISA detection kit (Chemicon Corporation, USA). Cells (5x10 5 ) from the three different groups were harvested and pelleted. After washing with PBS, the pellets were re-suspended in 200 μl lysis buffer (10 Mm Tris-HCl, 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM ß-mercaptoethanol, 0.5% CHAPS and 10% glycerol) on ice for 30 min. A 2-μl aliquot of the supernatant was used as the TRAP template after centrifuging at 14,000 rpm at 4˚C for 20 min. The reaction mixture was incubated at 25˚C for 30 min and 35 ampli-cycles of PCR were then carried out (94˚C for 30 sec and 59˚C for 60 sec in each cycle). The PCR products were assayed according to the manufacturer's protocol. The absorbance of the samples was measured with a microtiter plate reader at 450 nm and this procedure was repeated 3 times.
Measurement of apoptosis.
An Annexin-V/PI apoptosis detection kit I (BD Biosciences, USA) was used to measure apoptosis. Cells from the three groups were harvested at a concentration of 10 5 /ml and washed twice with ice-cold PBS. The supernatant was discarded after centrifugation and the pellet was then re-suspended in 200 μl binding buffer. To this solution, 10 μl Annexin-V-FITC and 10 μl propidium iodide (PI) were added and the solution was placed in the dark for 15 min at room temperature. Cell apoptosis was analyzed immediately using a FACSCalibur cytometer (BectonDickinson, USA) and CellQuest version 3.1f software (Becton-Dickinson).
Cellular proliferation activity assay. The cells from the different groups were trypsinized and seeded in 96-well plates at a density of 1.2x10 4 /100 μl. The cells were cultured for 1, 2, 3, 4 or 5 days. Cell proliferation was detected by the 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyl tetrazolium bromide (MTT) colorimetric method (7). The units of absorption (UA) were measured by using a photometer (Bio-tek MQX200) at a wavelength of 570 nm.
Statistical analysis. All data were expressed as the mean ± standard deviation (SD). Statistical analysis was performed by SPSS 13.0 and significance was defined as P<0.05.
Results

The verification of recombinant plasmids and screening of the transient effect of shRNA-targeted hTERT.
The construction scheme of the shRNA expression vector is shown in Fig. 1 . Psi-hTERT1 and 2 vectors were digested by HindIII and BamHI and the digestion products were identified by 3% agarose gel electrophoresis. The sequences of the two vectors were confirmed by sequencing and were compared with the designed fragments. Prior to the long-term experiment, the transient effects of shRNA-targeted hTERT were tested. The hTERT mRNA expression was detected after 1.0 μg/ml of the shRNA-targeted hTERT was transfected into SGC-7901 cells and cultured for 48 h. The results showed that psi-hTERT1 and 2 inhibited the hTERT mRNA expression (data not shown).
The effects of shRNA-targeted hTERT on the hTERT gene expression. To determine the effect of shRNA-targeted hTERT on the hTERT gene expression, real-time PCR and Western ONCOLOGY REPORTS 19: 575-581, 2008 blot were used to examine the hTERT gene expression. After the SGC-7901 cells were treated with different shRNAtargeted hTERT at a dose of 1 μg/ml for 3 months, the results demonstrated that psi-hTERT1 and 2 inhibited the expression of hTERT at the mRNA and protein level, when compared with the psi-control. Furthermore, the two shRNA-targeted hTERT presented different abilities in inhibiting the hTERT expression whereby psi-hTERT1 showed a 75.1% reduction in the mRNA expression of hTERT and psi-hTERT2 showed an 85.9% reduction (Fig. 2A) . The hTERT protein level also decreased in the psi-hTERT1 and 2 groups (Fig. 2B and C) when compared with the psi-control cells and there were significant differences (P<0.05).
The effects of shRNA-targeted hTERT on telomerase activity.
Telomerase activity levels showed obvious changes after the SGC-7901 cells were treated with different shRNA-targeted hTERT at a dose of 1 μg /ml for 3 months. The psi-hTERT2 group showed a stronger inhibition of telomerase activity than psi-hTERT1. A 36.4% reduction in telomerase activity (from 2.09 to 1.33) in psi-hTERT1 and a 51.2% reduction (from 2.09 to 1.02) in psi-hTERT2 (Fig. 3) was observed. There were significant differences in the telomerase activity among the psi-hTERT1 and 2, and psi-control groups (P<0.05).
The effects of the shRNA-targeted hTERT on the proliferation of SGC-7901 cells. After the SGC-7901 cells were treated with a different shRNA-targeted hTERT at a dose of 1 μg/l for 3 months, the growth of these cells was obviously inhibited by psi-hTERT1 and 2 (Fig. 4) . After 2 days, compared with the psi-control cells, there were significant differences (P<0.05). A group of untreated cells was shown to estimate the effect of the psi-control group cells. There were no differences between the untreated group and psi-control.
shRNA-targeted hTERT induces apoptosis of SGC-7901 cells.
The annexin-V/PI double staining method was used to measure cell apoptosis. After the SGC-7901 cells were treated with different shRNA-targeted hTERT at a dose of 1 μg/ml for 3 months, cell apoptosis increased in the cells treated with psi-hTERT1 and 2 but that of the viable cells decreased (Fig. 5) .
Discussion
hTERT is an attractive target for cancer therapy. Human telomerase stabilizes telomere length, thereby contributing to unlimited cell proliferation (8) (9) (10) (11) and playing an important role in cell proliferation and carcinogenesis. Research has shown that 70-95% of malignant tumors and a majority of cancer cell lines, but not most normal somatic cells, express relatively high levels of telomerase activity (5) . Several in vitro studies have demonstrated that telomerase activity is inhibited in telomerase-positive cells and that such inhibition is associated with a reduction in cell viability, and the cell 
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undergoes apoptosis (12) (13) (14) . In principle, all these results indicate that telomerase inhibitors may be very useful for cancer treatment. The important advantage of using a telomerase inhibitor is that it will have far fewer side effects than many of the other cancer chemotherapy agents. Therefore, constructing a suitable telomerase inhibitor is a promising strategy for cancer tumor therapy.
Among the three components of telomerase, hTERT is the rate-limiting component of the telomerase holoenzyme (15, 16) . The introduction of hTERT into normal human cells and the up-regulation of hTERT expression has proven that it can activate telomerase and cause cellular immortalization (17) . In contrast, blocking or down-regulating the hTERT expression would lead to the shortening of the telomeres, induce chromosome instability, inhibit cell growth, accelerate cell apoptosis and alter the malignant phenotype of the cancer cell (18) (19) (20) . Thus, hTERT is possibly the best target among the three components for cancer therapy by inhibiting telomerase activity.
Therefore, in this study, two different 21-bp siRNAs targeted at specific hTERT fragments with different base contents were designed and separately ligated into empty shRNA expression vectors to construct shRNA-targeted hTERT-expressing vectors, which were then transfected into SGC-7901 cells to induce RNAi. Our results showed that psihTERT1 and 2 down-regulated the mRNA expression level and protein level of hTERT and correspondingly inhibited telomerase activity, increased cells apoptosis and decreased cell viability, though not to the same extent. These results agreed with the report of Akiyama et al (21) . Our results also indicated that the blocking efficiency of RNAi differed across ONCOLOGY REPORTS 19: 575-581, 2008 Figure 3. Effect of the shRNA-targeted hTERT on telomerase activity. Each band represents the telomerase activity of different groups. When compared with the psi-control, the telomerase activity of psi-hTERT1 and 2 was inhibited and there were significant differences between the psi-control group and the psi-hTERT1 or psi-hTERT2 group; n=3 and * P<0.05. In the psi-hTERT1 group, the number of cells stained with annexin-V, or PI and annexin-V increased, indicating that cell apoptosis increased. The rate of cell apoptosis was 14.37% (UR + LR) and the rate of cell viability was 65.80% (LL) (C). In the psi-hTERT2 group, the number of cells stained with annexin-V, or PI and annexin-V increased. The rate of cell apoptosis was 9.88% (UR + LR) and the rate of cell viability was 74.71% (LL).
targeted regions, as previously proposed by Elbashir et al (22) . Our results, which show that psi-hTERT2 was more effective than psi-hTERT1, suggest that further studies need to be performed to define the exact site-targeted siRNA in order to achieve a better inhibition of hTERT expression and telomerase activity.
RNAi hTERT mediated by shRNA is a prospective approach for telomerase-based cancer therapy. RNAi technology has enormous potential in silencing disease-causing genes (23) and has been applied in many disease therapies (1) (2) (3) (4) 24) . Studies have shown that siRNA-targeting different genes inhibited cell growth in some tumors (25) (26) (27) 29) . However, the first obstacle in cancer gene therapy is that the silencing response induced by chemically synthesized 21-25 nt siRNAs is transient, lasting just 3-5 days in culture. This makes it impossible to analyze the long-term effects of gene silencing. Therefore, many strategies have been explored to maintain a stable effect in gene silencing (30) (31) (32) . One is the use of a vector-based shRNA, whereby cells are transfected with stem-loop constructs that encode shRNAs. It is believed that there would be a stable gene-silencing effect initiated by continuously expressed shRNA. In addition, the vectors provide selectable markers, ensuring the stable expression of shRNA and silencing of the target. A time lag exists between the telomerase inhibition and inhibition of cell proliferation, which depends on the telomeres of cancer cells (16) . This requires that telomerase inhibition be maintained for a long time in cancer therapy in order to achieve better results. Some studies have reported on the short-term inhibition of telomerase activity by interfering with different sub-units of telomerase and these studies have obtained satisfactory results (33) (34) (35) (36) . However, limited detailed data exist on the long-term effect of telomerase inhibition (37) . Therefore, in our studies, a DNA vectorbased RNAi system was adopted to analyze the long-term effect of hTERT gene inhibition in SGC-7901 cells. We discovered that our system effectively inhibited the expression of hTERT and telomerase activity. After the shRNA-targeted hTERT vector was transfected into SGC-7901 cells for three months, the expression levels of the hTERT mRNA and protein were significantly decreased, and the telomerase activity was also strongly inhibited in the cells. Subsequently, the growth rate of the shRNA-targeted hTERT expression vector-transfected cells decreased and they underwent apoptosis. These results suggest that shRNA-targeted hTERT has a long-term RNAi effect and this approach is more useful than the use of synthetic siRNAs for cancer gene therapy by telomerase inhibition. Despite the many difficulties, the prospect of clinical application exists.
